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SUMMARY 
An exhaus t -gas  p r e s s u r e  and temperature su rvey  of t h e  Genera l  Electr ic  F404-GE- 
400 t u r b o f a n  eng ine  was conducted i n  t h e  a l t i t u d e  t e s t  f a c i l i t y  of t h e  N A S A  L e w i s  
P ropu l s ion  S y s t e m  Labora tory .  T r a v e r s a l s  by a s u r v e y  r ake  w e r e  made across +kc  
exhaus t -nozz le  e x i t  t o  measure t h e  p i t o t  pressure and t o t a l  temperature. T e s t s  
w e r e  performed a t  Mach 0.87 and a 24,000-ft  a l t i t u d e  and a t  Mach 0.30 and a 
30 ,000-f t  a l t i t u d e  wi th  v a r i o u s  p o w e r  s e t t i n g s  from i n t e r m e d i a t e  t o  maximum a f t e r -  
burn ing .  Data y i e l d e d  smooth p r e s s u r e  and t empera tu re  p r o f i l e s  w i th  maximum j e t  
p r e s s u r e s  approximate ly  1.4 i n .  i n s i d e  t h e  nozz le  edge and maximum j e t  tempera tures  
from 1 t o  3 i n .  i n s i d e  t h e  edge. A low-pressure r e g i o n  l o c a t e d  e x a c t l y  a t  engine  
center was noted.  The maximum tempera ture  encountered  w a s  3800OR. 
INTRODUCTION 
The p r e s s u r e  and t h e  tempera ture  i n  a j e t  eng ine  e x h a u s t  are  impor t an t  f a c t o r s  
i n  t h e  d e s i g n  of a t h r u s t - v e c t o r i n g  engine  nozzle .  I n  p a r t i c u l a r ,  t h e  f low gra-  
d i e n t ,  t h e  p r e s s u r e ,  and t h e  tempera ture  nea r  t h e  edge of t h e  exhaus t  j e t  de te rmine  
t h e  d e s i g n  c r i t e r i a  needed f o r  nozz le  f l a p s  or t h r u s t - d e f l e c t i n g  vanes because t h e  
nozz le  a d d i t i o n s  r e s i d e  i n  t h i s  reg ion .  A t h r u s t - d e f l e c t i n g  vane system i s  be ing  
c o n s i d e r e d  f o r  u s e  i n  t h e  NASA F-18 f l i g h t  r e s e a r c h  program. 
To deve lop  a d a t a  base  f o r  t h e  concep tua l  d e s i g n  of t h r u s t - d e f l e c t i n g  vanes and 
v e c t o r i n q  n o z z l e s ,  a test  program w a s  conducted by NASA L e w i s  Research Center  and 
t h e  Dryden F l i g h t  Research F a c i l i t y  of NASA A m e s  Research Center .  The t e s t  w a s  con- 
duc ted  on a Genera l  E lec t r ic  F404-GE-400 a f t e r b u r n i n g  t u r b o f a n  eng ine  i n  t h e  NASA 
r e w i s  P ropu l s ion  System Labora tory  (PSL). (The F404-GE-400 eng ine  i s  be ing  used i n  
such  a i r c r a f t  as t h e  F-18, F-20, and X-29A. The p a r t i c u l a r  eng ine  t e s t e d  w a s  a l s o  
c a l i b r a t e d  i n  t h e  PSL f o r  t h r u s t  and a i r f l o w  f o r  t h e  X-29A program.) The eva lua-  
t i o n s  conducted a t  t h e  PSL i n  Janua ry  1986 measured t empera tu re  and p r e s s u r e  a t  t h e  
e x h a u s t  e x i t .  A f ive-probe  r ake  c o n s i s t i n g  of t w o  thermocouples  and t h r e e  p r e s s u r e  
probes  was used i n  h o r i z o n t a l  t r a v e r s e s  a c r o s s  t h e  e x h a u s t  je t .  T e s t s  w e r e  per-  
formed a t  f o u r  power s e t t i n g s  and t w o  s imula t ed  f l i g h t  c o n d i t i o n s  f o r  more than  200 
pressure and t empera tu re  da ta  p o i n t s .  This document presents a d i s c u s s i o n  of t h e  
tests,  t h e  d a t a  compi l a t ion ,  and t h e  tests r e s u l t s .  The r e s u l t s  are compared t o  
t h e  va lues  p r e d i c t e d  by  t h e  i n - f l i g h t  t h r u s t  (IFT) deck of t h e  eng ine  manufac turer .  
NOMENCLATURE 
A a  nozz le  a r e a  a t  t h r o a t ,  i n 2  
A 9  nozz le  area a t  e x i t ,  i n 2  
A 9 / A 8  nozz le  expans ion  r a t io ,  t h e  r a t i o  of area a t  nozz le  e x i t  t o  area a t  
n o z z l e  t h r o a t  






























h igh-p res su re  compressor 
h i g h - p r e s s u r e  compressor v a r i a b l e  geometry 
manufac tu re r - supp l i ed  i n - f l i g h t - t h r u s t  c a l c u l a t i o n  program 
low-pressure t u r b i n e  
Mach number 
Mach number, s t a t i o n  9 
f a n  speed ,  rpm 
s t a t i c  p r e s s u r e  of t es t  ce l l ,  l b / i n 2  
p i t o t  p r e s s u r e  (measured)  a t  r a k e  s t a t i o n  R ,  l b / i n 2  
p i t o t  p r e s s u r e  (measured)  a t  r a k e  s t a t i o n  R,  probe p o s i t i o n  A ,  l b / i n 2  
p i t o t  pressure (measured) a t  r a k e  s t a t i o n  R ,  p robe  p o s i t i o n  C ,  l b / i n 2  
p i t o t  p r e s s u r e  (measured)  a t  r a k e  s t a t ion  R, probe p o s i t i o n  E, l b / i n 2  
power lever  angle ,  deg 
P r o p u l s i o n  System Labora to ry ,  NASA Lewis Research C e n t e r  
s t a t i c  p r e s s u r e  ( a m b i e n t )  a t  n o z z l e  e x h a u s t ,  l b / i n 2  
s t a t i c  p r e s s u r e  ( f r e e - s t r e a m )  a t  s t a t i o n  0, l b / i n 2  
s t a t i c  p r e s s u r e  a t  compressor e x i t  s t a t i o n  3,  l b / i n 2  
s t a t i c  p r e s s u r e  a t  e x h a u s t  n o z z l e  e x i t  s t a t ion  9, l b / i n 2  
t o t a l  p r e s s u r e  a t  e n g i n e - i n l e t  s t a t i o n  1 ,  l b / i n 2  
t o t a l  p r e s s u r e  a t  t u r b i n e  e x i t  s t a t i o n  5.58, l b / i n 2  
t o t a l  pressure a t  n o z z l e  e x h a u s t  s t a t i o n  9 ,  l b / i n 2  
t o t a l  p r e s s u r e  ( c a l c u l a t e d )  a t  s t a t i o n  9,  probe p o s i t i o n  A ,  l h / i n 2  
t o t a l  p r e s s u r e  ( c a l c u l a t e d )  a t  s t a t i o n  9 ,  p robe  p o s i t i o n  C ,  l b / i n 2  
t o t a l  p r e s s u r e  ( c a l c u l a t e d )  a t  s t a t i o n  9,  probe p o s i t i o n  E ,  l b / i n 2  
s u r v e y  r a k e  s t a t i o n  
t o t a l - t e m p e r a t u r e  r a d i a t i v e  c o r r e c t i o n  f a c t o r ,  O R  
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X S R V  
Y 
t o t a l  t empera tu re  ( u n c o r r e c t e d )  a t  r a k e  probe p o s i t i o n  B, O R  
t o t a l  t empera tu re  ( u n c o r r e c t e d )  a t  r ake  probe p o s i t i o n  D,  O R  
t o t a l  t empera tu re  ( f r ee - s t r eam)  a t  s t a t i o n  0, OR 
t o t a l  t empera tu re  a t  e n g i n e - i n l e t  s t a t i o n  1 ,  O R  
t o t a l  t empera tu re  a t  t u r b i n e  d i s c h a r g e  s t a t i o n  5,  O R  
t o t a l  t empera tu re  ( r a d i a t i o n - c o r r e c t e d )  a t  s t a t i o n  9, O R  
t o t a l  t empera tu re  ( r a d i a t i o n - c o r r e c t e d )  a t  s t a t i o n  9, probe p o s i t i o n  B, O R  
t o t a l  t empera tu re  ( r a d i a t i o n - c o r r e c t e d )  a t  s t a t i o n  9, probe p o s i t i o n  D,  OR 
a f t e r b u r n e r  f u e l  f low 
main eng ine  f u e l  f low 
a f t e r b u r n e r  p i l o t  f u e l  f l ow 
l a t e ra l  or h o r i z o n t a l  d i s t a n c e  from eng ine  nozz le  c e n t e r  t o  r a k e  probe 
p o s i t i o n  C,  i n  
v e r t i c a l  d i s t a n c e  from eng ine  nozz le  c e n t e r  t o  r a k e  probe p o s i t i o n  C,  i n  
r a t i o  of s p e c i f i c  h e a t s  
DESCRIPTION OF APPARATUS 
Engine D e s c r i p t i o n  
The F404-GE-400 a f t e r b u r n i n g  tu rbofan  eng ine  ( f i g .  1 )  i s  a n  augmented l o w -  
bypass e n g i n e  i n  t h e  16,000-lb t h r u s t  class. The engine  i n c o r p o r a t e s  a three-stage 
f a n  d r i v e n  by a s i n g l e - s t a g e  t u r b i n e  and a seven-s tage  h igh -p res su re  compresFor 
d r i v e n  by a s i n g l e - s t a g e  t u r b i n e .  Approximately one-quar te r  of the f a n  d i s c h a r g e  
a i r  is bypassed t o  t h e  a f t e r b u r n e r  for combustion and coo l ing .  Variable geometry 
i s  a v a i l a b l e  on t h e  f a n  gu ide  vanes and on the h igh -p res su re  compressor stators t o  
d i r e c t  t h e  i n l e t  a i r  a t  t he  best a n g l e  f o r  t he  e x i s t i n g  eng ine  ope ra t ion .  Com- 
pressor d i s c h a r g e  a i r  and atomized f u e l  are mixed and i g n i t e d  i n  t h e  combustion 
chamber. These gases then  pass th rough t h e  compressor and f a n  d r i v e  t u r b i n e s .  
A f t e r b u r n e r  o p e r a t i o n  burns  a d d i t i o n a l  f u e l  i n  t h e  combustion d i s c h a r g e  g a s e s  and 
t h e  bypass  f a n  d i s c h a r g e  a i r  t o  produce add i t iona l  t h r u s t .  The a f t e r b u r n e r  i s  
f u l l y  modulated from minimum t o  maximum a f t e r b u r n i n g  and u s e s  f a n  d i s c h a r g e  a i r  
and an  a f t e r b u r n e r  l i n e r  t o  ma in ta in  a l o w  o u t e r - s k i n  t empera tu re  on t h e  engine.  
The h inged- f l ap  cam-linked e x h a u s t  nozz le  is  h y d r a u l i c a l l y  a c t u a t e d  ( r e f .  1 ) .  A 
schematic view of t h e  F404-GE-400 eng ine  w i t h  s t a t ion  d e s i g n a t i o n s  i s  shown i n  f i g -  
ure 2. The eng ine  used i n  t he  e x h a u s t  s u r v e y  i s  F404-GE-400 ser ia l  number 215209, 
o n e  of t h e  p r e p r o d u c t i o n  eng ines  a s s igned  to  t h e  X-29A program. 
3 
Engine c o n t r o l  system. - The eng ine  i s  c o n t r o l l e d  by a s i n g l e  t h r o t t l e  i npu t .  
The engine  c o n t r o l  system r e g u l a t e s  exhaus t -nozz le  area, t u r b i n e  speeds ,  tempera- 
t u r e  l e v e l s ,  and f u e l  f low f o r  augmented and nonaugmented ope ra t ion .  The e l e c t r o n i c  
eng ine  c o n t r o l  u n i t  i s  a modular s o l i d - s t a t e  component, mounted on t h e  eng ine ,  sup- 
p l i e d  wi th  p o w e r  from t h e  eng ine  a l t e r n a t o r ,  and cooled  by f u e l  from t h e  main f u e l  
pump. I t  a c c e p t s  v a r i o u s  eng ine  s i g n a l s  and computes eng ine  schedu les  and ma in ta ins  
l i m i t s  ( r e f .  1 ) .  
Af te rburner .  - T h e  a f t e r b u r n e r  of t h e  F404-GE-400 eng ine  c o n s i s t s  of 6 p i l o t  
s p r a y b a r s  and 24 main s p r a y b a r s  i n s t a l l e d  i n  t h e  forward end of t h e  a f t e r b u r n e r  
c a s i n g  ( r e f .  1 ) .  The s i x  p i l o t  s p r a y b a r s  are e q u a l l y  spaced and ex tend  i n t o  t h e  
f lameholder .  Each p i l o t  sp rayba r ,  w i th  i t s  own pressure- f low va lve ,  i s  connected 
t o  a p i l o t  f u e l  manifold t o  which f u e l  is metered and s u p p l i e d  by t h e  a f t e r b u r n e r  
f lameholder  i n t o  t h e  t u r b i n e  exhaust-gas  pa th .  Af t e rbu rne r  f u e l  f low i s  d i s t r i b -  
u t e d  t o  t h e  24 main s p r a y b a r s  by s i x  d i s t r i b u t o r  v a l v e s  connec ted  t o  a n  a f t e r -  
b u r n e r  f u e l  mani fo ld  t o  which f u e l  i s  a l so  metered and s u p p l i e d  by t h e  a f t e r b u r n e r  
c o n t r o l .  When t h e  a f t e r b u r n e r  is  n o t  o p e r a t i n g ,  f u e l  i s  c i r c u l a t e d  i n  t h e  main 
f u e l  mani fo ld  by a separate f u e l  l i n e .  The c i r c u l a t i n g  f u e l  cools t h e  d i s t r i b u t o r  
v a l v e s  and r educes  t h e  f i l l  t i m e  when i n i t i a t i n g  a f t e r b u r n e r  ope ra t ion .  The a f te r -  
bu rne r  casing-mounted f lame s e n s o r  p rov ides  a s i g n a l  t o  t h e  e l e c t r o n i c  eng ine  con- 
t r o l  u n i t  t h a t  releases a ho ld  on t h e  exhaus t -nozz le  area and a f t e r b u r n e r  c o n t r o l .  
T h i s  p e r m i t s  m o r e  t han  minimum a f t e r b u r n i n g  f u e l  f l o w  when a posi t ive l i g h t o f f  
i s  sensed.  
I 
I c o n t r o l .  The 24 main s p r a y b a r s  are e q u a l l y  spaced and ex tend  r a d i a l l y  beyond t h e  
I 
I 
V a r i a b l e  e x h a u s t  nozz le .  - T h e  v a r i a b l e  e x h a u s t  nozz le  p r o v i d e s  t h e  e x i t  f o r  h o t  
I g a s e s  from t h e  t u r b i n e  and t h e  a f t e r b u r n e r  s e c t i o n  and p r o v i d e s  t h e  con tour  f o r  t h e  
I e x t e r n a l  a i r f l o w .  The pr imary nozz le  area is  c o n t r o l l e d  t o  p rov ide  t h e  proper back- 
p r e s s u r e  f o r  t h e  f a n  and t o  c o n t r o l  t o t a l  temperature TT5 f o r  t h e  low-pressure t u r -  
b i n e  d i s c h a r g e  a t  s t a t i o n  5 d u r i n g  i n t e r m e d i a t e  and a f t e r b u r n i n g  power o p e r a t i o n .  
The F404-GE-400 e x h a u s t  nozz le  u s e s  12 sectored h inge  seals and 12 forward  pr imary  
f l a p  h inges  assembled t o  t h e  a f t  i n n e r  f l a n g e  of t h e  a f t e r b u r n e r  cas ing .  During 
eng ine  o p e r a t i o n ,  t h e  nozz le  p o s i t i o n  t r a n s m i t t e r ,  which is connected  t o  t h e  exhaus t  
nozz le ,  r e t u r n s  a s i g n a l  t o  t h e  e l e c t r o n i c  eng ine  c o n t r o l  u n i t  t o  de te rmine  n o z z l e  
a r e a .  The r a t i o  of t h e  area a t  t h e  nozz le  e x i t  t o  t h a t  a t  t h e  nozz le  t h r o a t ,  A9/A8, 
which i s  also c a l l e d  t h e  nozz le  expansion r a t io ,  is a f u n c t i o n  o n l y  of power set- 
t i n g  and t h e r e f o r e  canno t  produce t h e  proper area ra t io  f o r  i d e a l  expans ion  a t  
most c o n d i t i o n s  . 
A l t i t u d e  T e s t  F a c i l i t y  
A c o n v e n t i o n a l  d i r e c t - c o n n e c t  i n s t a l l a t i o n  w a s  used for t h e  F404-GE-400 engine  
i n  t h e  PSL a l t i t u d e  tes t  chamber ( f i g .  3 ) .  The eng ine  w a s  suspended from a mounting 
s t r u c t u r e  t h a t  w a s  a t t a c h e d  t o  a t h r u s t  bed. The t h r u s t  bed w a s  suspended by f o u r  
f l e x u r e  rods  a t t a c h e d  t o  chamber suppor t s .  The t h r u s t  bed, used t o  measure t h r u s t ,  
was f ree  to  move e x c e p t  as r e s t r a i n e d  by a d u a l  l o a d - c e l l  system t h a t  a l lowed t h e  
bed t o  be pre loaded .  
. 
The chamber inc luded  a forward bulkhead t h a t  separated t h e  i n l e t  plenum ( 1 8 - f t  
d i a m e t e r )  from t h e  t e s t  chamber ( 2 4 - f t  d i a m e t e r ) .  A i r  of t h e  d e s i r e d  p r e s s u r e  and 
t empera tu re  flowed from t h e  plenum through t h e  be l lmouth  t o  t h e  i n l e t  duc t ing .  A 
l a b y r i n t h  seal  was used t o  i so l a t e  t h e  i n l e t  d u c t i n g  from t h e  be l lmouth  and bulk-  
I 4 
head. The i n l e t  d u c t i n g  w a s  mated to  t h e  eng ine  through an  i n f l a t a b l e  f l e x i b l e  
j o i n t  t h a t  s e rved  t o  minimize t h e  load ing  on the  eng ine  f r o n t  f l a n g e .  Engine ex- 
h a u s t  qases w e r e  c a p t u r e d  by a collector t h a t  ex tended  through t h e  rear bulkhead,  
t h e r e b y  minimizing t h e  p o s s i b i l i t y  of exhaust-gas  r e c i r c u l a t i o n  i n  the  test  chamber. 
Exhaust Survey Rake 
The t r a v e r s i n g  p res su re -  and tempera ture-sens ing  r a k e  w a s  mounted i n  a l a r g e  
r e c t a n g u l a r  frame t h a t  w a s  a f f i x e d  t o  t h e  tes t  ce l l  f l o o r  ( f i g .  3 ) .  The w a t e r -  
cooled rake w a s  mounted v e r t i c a l l y  and w a s  capable of t r a v e r s i n g  a d i s t a n c e  of 
51 i n  h o r i z o n t a l l y  over the  frame. There w a s  a lso a more l imi ted  v e r t i c a l  
t r a v e r s e  c a p a b i l i t y  of  16 i n .  
The probes  on t h e  in s t rumen ted  r a k e  w e r e  a r r anged  as shown i n  f i g u r e  4. F ive  
probes ,  t h r e e  f o r  measuring p i t o t  p r e s s u r e  and t w o  for measuring t o t a l  t empera tu re ,  
w e r e  a l t e r n a t e l y  p l aced  abou t  1 i n  apart w i t h  t h e  p r e s s u r e  probes i n  p o s i t i o n s  A,  C ,  
and E, a s  i n d i c a t e d  i n  f i g u r e  4 ( a ) .  The s e n s o r s  w e r e  a l i g n e d  v e r t i c a l l y  on t h e  r a k e  
w i t h  probe p o s i t i o n  C r e f e r e n c e d  as the rake c e n t e r  p o i n t .  The t i p s  of t h e  s e n s o r s  
were approx ima te ly  2 i n  downstream of t h e  exhaus t -nozz le  e x i t ,  as i n d i c a t e d  i n  f i g -  
u r e  4 ( b ) .  F igu re  4 ( c )  i s  a c l o s e u p  photograph of t h e  probes.  
For t h e s e  tests, o n l y  t h e  upper  r igh t -hand part of t h e  e x h a u s t  w a s  surveyed.  
Two r a k e  t r a v e r s a l s  were used ( f ig .  5). I n  the f i r s t  or c e n t e r l i n e  survey ,  t h e  
r a k e  w a s  t r a n s l a t e d  a l o n g  t h e  nozz le -ex i t  h o r i z o n t a l  c e n t e r l i n e  from beyond t h e  
nozz le  edge t o  t h e  c e n t e r  p o i n t .  Th i s  la teral  or h o r i z o n t a l  d i s t a n c e  from t h e  
engine-nozz le  c e n t e r l i n e  t o  r a k e  probe p o s i t i o n  C i s  r e f e r r e d  t o  as XSRL. The 
second or 45O s u r v e y  w a s  similar e x c e p t  t h a t  t h e  r a k e  w a s  raised above t h e  cen- 
t e r l i n e  and an  a d d i t i o n a l  h o r i z o n t a l  traverse w a s  made. The ve r t i ca l  d i s t a n c e  
from t h e  engine-nozz le  c e n t e r l i n e  t o  r a k e  probe p o s i t i o n  C is d e s i g n a t e d  XSRV. 
These su rveys  were made a t  a n  XSRV v a l u e  so t h a t  t h e  c e n t e r  of  t h e  r a k e  passed  
through t h e  i n t e r s e c t i o n  of t h e  45O rad ia l  and t h e  nozz le  r a d i u s .  
INSTRUMENTATION 
The eng ine  and t h e  PSL were ins t rumen ted  t o  de te rmine  a l l  parameters i n d i c a t e d  
i n  f i g u r e  2. The eng ine  s e n s o r  p o s i t i o n s  are noted  i n  t h i s  f i g u r e ,  b u t  t he  i n s t r u -  
mented rake assembly is  n o t  shown. The l o c a t i o n  of the f o u r  ambient  nozz le  s t a t i c  
p r e s s u r e  PSNOZ probes on t h e  nozz le  f l a p  edges is  shown i n  f i g u r e s  2 and 4 ( b ) .  
The r a k e  measurements w e r e  made u s i n g  t h e  p i t o t  p r e s s u r e  probes a t  each  
p res su re - senso r  p o s i t i o n  and thermocouples  a t  tempera ture-sensor  p o s i t i o n s .  The 
p r e s s u r e  probes w e r e  f a b r i c a t e d  from a n  a l l o y  of 87-percent  p l a t inum and 13-percent  
rhodium and d i d  n o t  i n c l u d e  t h e  customary i n t e r n a l  chamfer because  of s t r e n g t h  con- 
s i d e r a t i o n s  a t  t h e  h i g h  tempera tures .  Probe d imens ions  c o n s i s t e d  of a 0.125-in 
o u t s i d e  d i ame te r  and a 0.01-in t h i c k  w a l l ,  as shown i n  f i g u r e  4 ( a ) .  The squared  
p l a t inum edges  of t h e  pressure probes remained s h a r p  th roughou t  t h e  test. Each 
probe p r e s s u r e  w a s  measured w i t h  t w o  p r e s s u r e  t r a n s d u c e r s  w i th  a range  f r o m  0 t o  
l o o  1b/ in2 .  The p r e s s u r e  t r a n s d u c e r  s t a t i c  error band i s  20.10 p e r c e n t  of f u l l  
scale. The data p r e s e n t e d  are a n  average of  t h e  t w o  p r e s s u r e  t r a n s d u c e r  r e a d i n g s  
a t  each r a k e  s e n s o r  p o s i t i o n .  
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The thermocouples  c o n s i s t e d  of a 0.02-in-diameter thermoelement made of 
i r i d i u m  and an  a l l o y  of 60-percent  i r i d i u m  and 40-percent  rhodium t h a t  p rov ides  
long  l i f e  i n  t h e  o x i d i z i n g  atmosphere of t h i s  test. The accu racy  of t h e s e  ther- 
mocouples i s  s a c r i f i c e d  a t  l o w  t empera tu res  t o  cover  the extreme range  of temper- 
a t u r e ;  however, the  accu racy  i s  normally w i t h i n  k40°R (ref. 2 ) .  
TEST PROCEDURE 
TO minimize t h e  t e s t  t i m e ,  t h e  exhaus t  su rvey  tests w e r e  conducted i n  o n l y  one- 
q u a r t e r  of t h e  n o z z l e - e x i t  area. A l l  t r a v e r s e s  were performed from beyond t h e  
nozz le  edge (XSRL = 18 i n )  t o  a p o i n t  nea r  t h e  exhaus t -nozz le  v e r t i c a l  c e n t e r l i n e .  
For each su rvey  p o i n t ,  t h e  t r a v e r s e  w a s  s topped  and t h e  measurement v a l u e s  w e r e  
allowed t o  s t a b i l i z e .  Of special i n t e r e s t  w a s  the r e g i o n  s e v e r a l  i n c h e s  i n  from 
t h e  nozz le  edge where XSRL w a s  i n  increments  of -0.5 i n .  Each recorded  d a t a  p o i n t  
w a s  o b t a i n e d  from s t a b i l i z e d  and t ime-averaged r e a d i n g s  over a 10-sec pe r iod .  For 
the 45O su rveys ,  d i f f e r e n t  XSRV v a l u e s  were used acco rd ing  t o  the nozz le  r a d i u s  a t  
t h e  test  p o w e r  s e t t i n g .  
Tests w e r e  performed a t  f o u r  s t e a d y - s t a t e  p o w e r  l e v e r  a n g l e  (PLA) s e t t i n g s :  
maximum a f t e r b u r n i n g  p o w e r  a t  PLA = 130°, partial a f t e r b u r n i n g  power a t  PLA = l l O o  
and 120°,  and in termedia te  or m i l i t a r y  p o w e r  a t  PLA = 87O. The t w o  f l i g h t  tes t  
c o n d i t i o n s  s i m u l a t e d  by t h e  a l t i t u d e  test  f a c i l i t y  are as fo l lows:  
T e s t  T e s t  
c o n d i t i o n  1 c o n d i t i o n  2 
M 0.30 0.87 
A l t i t u d e ,  f t  30,000 24,000 
PT1, l b / i n 2  4.65 9.30 
PAMB, l b / i n 2  4.39 5.70 
TT1, OR 464.8 504.5 
The Mach number i s  M; PT1 and !M!1 are t h e  t o t a l  p r e s s u r e  and t o t a l  t empera tu re ,  
r e s p e c t i v e l y ,  a t  s t a t i o n  1 ;  and PAMB i s  t h e  test c e l l  s t a t i c  p r e s s u r e .  T e s t  con- 
d i t i o n  1 cou ld  o n l y  be main ta ined  a t  a tempera ture  s i g n i f i c a n t l y  above s t a n d a r d  day  
c o n d i t i o n s .  F a c i l i t y  t es t  c o n d i t i o n s  d i d  n o t  va ry  more t h a n  k0.035 M from t h e  
target  Mach number d u r i n g  a con t inuous  t r a v e r s a l .  
DATA ANALYSIS 
c a l c u l a t i o n s  were performed on t h e  measured p r e s s u r e  and t empera tu re  d a t a  t o  
correct f o r  t h e  local f l o w  c o n d i t i o n s  a t  each  probe. For example, a t  measured 
e x h a u s t  t empera tu res  as h i g h  as 3 8 0 0 ° R ,  probe r a d i a t i o n  losses are s i g n i f i c a n t .  
A l s o  e x h a u s t - e x i t  f l o w  v e l o c i t y  is  s u p e r s o n i c ,  which c a u s e s  normal shock waves t o  
form ahead of t h e  p i t o t  p r e s s u r e  probes and r e s u l t s  i n  lower p r e s s u r e  measurements. 
. 
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Both p r e s s u r e  and t empera tu re  c o r r e c t i o n s  are a f u n c t i o n  of  t h e  local  Mach 
number a t  t h e  r a k e  s u r v e y  s t a t i o n .  Because of t h e  ve ry  h i g h  t empera tu res ,  it w a s  
n o t  p r a c t i c a l  t o  measure t h e  local  s ta t ic  p r e s s u r e  or Mach number i n  t h e  e x h a u s t  
f low. The local  Mach number cou ld  be c a l c u l a t e d  from t h e  measured p i t o t  p r e s s u r e  
PIR a t  r a k e  s t a t i o n  R and t h e  ambient  s t a t i c  pressure PSNOZ a t  t h e  nozz le  exhaus t ,  
which would be correct f o r  f u l l y  expanded i d e a l  nozz le  flow. Another approach i s  
t o  c a l c u l a t e  t h e  e x i t  Mach number based on A9/A8 and assume t h a t  no change occur red  
from s t a t i o n  9 t o  r a k e  su rvey  s t a t i o n  R ( a  d i s t a n c e  of 2 i n ) .  
Both Mach number c a l c u l a t i o n  methods were used ,  and t h e  r e s u l t s  are compared 
i n  f i g u r e  6. The v a l u e s  of Mach number f o r  t h e  t w o  methods va ry  s i g n i f i c a n t l y .  
For t es t  c o n d i t i o n  1 a t  M = 0.30, p l o t t e d  i n  f i g u r e  6 ( a ) ,  t h e  t w o  methods ag ree  
a t  t h e  l o w e r  power s e t t i n g s ;  however, f o r  t h e  a f t e r b u r n i n g  c o n d i t i o n s ,  M based on 
A9/A8 i s  too h i g h ,  i n d i c a t i n g  overexpanded flow. For test  c o n d i t i o n  2 a t  M = 0.87, 
p l o t t e d  i n  f i g u r e  6 ( b ) ,  t h e  t w o  methods a g r e e  a t  t h e  h i g h e r  PLA values ,  i n d i c a t i n g  
p rope r  expans ion;  however, a t  i n t e r m e d i a t e  p o w e r ,  M based on A9/A8 is lower than  
d e s i r e d  and t h e  f low i s  underexpanded. 
For t h e  non idea l  expans ion  c o n d i t i o n s ,  t h e  nozz le  f low w i l l  c o n t a i n  shock waves 
and expans ion  waves t h a t  a f f e c t  t h e  r ake  su rvey  data. A g e n e r a l i z e d  nozz le  f low 
model w i th  p i t o t  p r e s s u r e  and Mach number p r o f i l e s  is shown i n  f i g u r e  7. For t h e  
underexpanded case i l l u s t r a t e d  i n  f i g u r e  7 ( a ) ,  t h e  f low w i l l  expand on r each ing  
t h e  nozz le  e x i t ,  w i t h  t h e  expans ion  waves producing t h e  p i t o t  p r e s s u r e  and Mach 
number p r o f i l e s  shown. For t h e  overexpanded case i l l u s t r a t e d  i n  f i g u r e  7 ( b )  , 
o b l i q u e  shocks  w i l l  e x i s t ,  producing t h e  i n d i c a t e d  p i t o t  p r e s s u r e  and Mach number 
p r o f i l e s  a t  t h e  r a k e  su rvey  s t a t i o n  wi th  d i s c o n t i n u i t i e s  across t h e  shocks.  
The main o b j e c t i v e  of t h e  su rvey  w a s  focused  on t h e  edge of t h e  nozz le  j e t  t o  
( l a the r  t h e  d e s i g n  d a t a  for  t h e  t h r u s t - d e f l e c t i n g  vanes. The re fo re ,  t h e  Mach number 
based on PIR and PSNOZ w a s  used because it prov ides  t h e  best  f low r e p r e s e n t a t i o n  
o u t s i d e  t h e  shock or expans ion  waves a t  t h e  o u t e r  j e t  edge. T h i s  procedure  r e s u l t s  
i n  less a c c u r a t e  Mach number v a l u e s  i n  t h e  i n n e r  part of t h e  je t .  
P r e s s u r e  C o r r e c t i o n  
T o  o b t a i n  t o t a l  p r e s s u r e  a t  t he  exhaus t  e x i t ,  t h e  measured p i t o t  p r e s s u r e  had 
t o  be c o r r e c t e d  f o r  a normal shock wave ahead of  t h e  probe. T y p i c a l  e x i t  Mach 
number from t h e s e  tests w a s  M m 1.7, and a normal shock ahead of  t h e  probe  a t  t h i s  
Mach number would y i e l d  a t o t a l  pressure loss of  -15 p e r c e n t .  To correct f o r  t h e  
shock-wave losses, basic i s e n t r o p i c  and normal shock-flow r e l a t i o n s h i p s  were so lved  
t o  c a l c u l a t e  M9, t h e  e x i t  Mach number a t  s t a t i o n  9, from a f u n c t i o n  of P I R  and t h e  
r a t i o  p r e s s u r e  PS9 a t  s t a t i o n  9. These r e l a t i o n s h i p s  w e r e  a l s o  employed t o  calcu- 
l a t e  PT9, t h e  t o t a l  p r e s s u r e  a t  s t a t i o n  9 ,  u s i n g  M9 and PIR. The PS9 v a l u e  used i n  
t h e  c a l c u l a t i o n s  w a s  t h e  measured PSNOZ shown i n  f i g u r e  4 ( b ) .  
The v a l u e s  of M9 and PT9 c a l c u l a t e d  by t h i s  c o r r e c t i o n  method were comparable 
t o  va lues  o b t a i n e d  from t h e  manufac turer -suppl ied  i n - f l i g h t  t h r u s t  ( IFT)  c a l c u l a -  
t i o n  program and t o  v a l u e s  d e r i v e d  through compress ib l e  f low tables ( r e f .  3 ) .  The 
r e s u l t s  of t h i s  c o r r e c t i o n  method are  i l l u s t r a t e d  i n  f i g u r e  8 f o r  a maximum a f t e r -  
bu rn ing  case. 
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Temperature C o r r e c t i o n  
C a l c u l a t i o n s  were performed on t h e  d a t a  g a t h e r e d  from t h e  two to t a l  t empera tu re  
s e n s o r s  t o  accoun t  f o r  probe r a d i a t i o n  e f f e c t s  ( r e f .  4 ) .  The c o r r e c t i o n s  r e s u l t e d  
i n  an i n c r e a s e d  t empera tu re  of ‘-1OOR a t  1500OR and --lOOOR a t  3000OR. The e x i t  
Mach number M9 w a s  c a l c u l a t e d  from an i s e n t r o p i c  f u n c t i o n  of t h e  p r e s s u r e  r a t i o  
PT9/PS9 and t h e  s p e c i f i c  h e a t  r a t io  y. The t o t a l  p r e s s u r e  PT9 w a s  assumed to  be 
t h e  ave rage  of the  c o r r e c t e d  p r e s s u r e s  from the s e n s o r s  on e i t h e r  s i d e  of t h e  t e m -  
p e r a t u r e  probe t o  be c o r r e c t e d .  The Y v a l u e  a t  s t a t i o n  9 w a s  determined through 
a l i n e a r  cu rve  f i t  of y as a f u n c t i o n  of TT9, t h e  r a d i a t i o n - c o r r e c t e d  t o t a l  t e m -  
p e r a t u r e  a t  s t a t i o n  9. 
f o r  a maximum a f t e r b u r n i n g  p o w e r  s e t t i n g .  
An example of t h e  c o r r e c t i o n  r e s u l t s  i s  shown i n  f i g u r e  9 
I n - F l i g h t  T h r u s t  Program 
The IFT deck w a s  used i n  this a n a l y s i s  t o  p rov ide  a r e f e r e n c e  c a l c u l a t e d  p res -  
s u r e  and t empera tu re  f o r  comparison wi th  t h e  measured values .  The IFT deck w a s  
developed by Genera l  E lec t r ic  Company f o r  t h e  U.S. Navy. The purpose of t h e  deck 
i s  t o  p rov ide  an a c c u r a t e  c a l c u l a t i o n  of t h e  F404-GE-400 eng ine  a i r f l o w  and t h r u s t  
th roughout  t h e  f l i g h t  envelope. In  g e n e r a l ,  t h e  c a l c u l a t i o n  procedure  models the 
e n g i n e  a s  a g a s  g e n e r a t o r  t o  c a l c u l a t e  mass flow, p r e s s u r e ,  and t empera tu re  a t  t h e  
e x h a u s t  nozzle .  Knowledge of the exhaus t -nozz le  performance c h a r a c t e r i s t i c s  per- 
m i t s  c a l c u l a t i o n  of g r o s s  t h r u s t .  Cond i t ions  a t  t h e  nozz le  i n l e t  are d e r i v e d  from 
measured eng ine  pa rame te r s  and modeling of t h e  eng ine  i n t e r n a l  performance. Engine- 
to -engine  v a r i a t i o n s  are t h u s  accounted  f o r  i n  t h e  measurement v a r i a t i o n s .  
The IFT program w a s  developed from an e x t e n s i v e  test d a t a  base  t o  d e r i v e  
t h e  necessa ry  t h r u s t  c o r r e l a t i o n s  and eng ine  performance models. Th i s  data base  
w a s  t h e  r e s u l t  of s i x  eng ine  t es t  phases  a t  t h e  a l t i t u d e  tes t  f a c i l i t y  of t h e  
U . S .  Naval A i r  P ropu l s ion  Cen te r ;  more t h a n  1500 d a t a  p o i n t s  w e r e  ga the red  over  . 
t h e  f l i g h t  envelope. Such a n  e x t e n s i v e  a l t i t u d e  d a t a  base t o g e t h e r  w i th  sea- 
l e v e l  t e s t  d a t a  produced t h e  accurate unde r s t and ing  of eng ine  behavior  over  t h e  
f l i g h t  envelope  n e c e s s a r y  t o  deve lop  t h e  IFT program. 
To o b t a i n  t h e  r e f e r e n c e  t o t a l  p r e s s u r e  and t o t a l  temperature d a t a ,  t h e  PSL 
eng ine  t e s t  d a t a  are used  as i n p u t  to  t h e  IFT program. The program nozzle-modeling 
o u t p u t s  a i d  i n  t h e  a n a l y s i s  of t h e  measured e x i t  parameters. For example, d u r i n g  
a c t u a l  tests, A 8  w a s  measured on t h e  engine.  As an IFT i n p u t  parameter ,  A 8  i s  used 
i n  t h e  IFT program t o  de te rmine  A9 from t h e  nozz le  schedu le .  
RESULTS AND DISCUSSION 
The data g a t h e r e d  a t  t he  PSL were reduced and compiled i n t o  s e v e r a l  g e n e r a l  
forms  f o r  t h e  a n a l y s i s .  The g raphs  i n  f i g u r e s  10 t o  21 are r e p r e s e n t a t i v e  of t h e  
data  ga the red  €o r  t h e  a n a l y s i s .  I n  f i g u r e s  10 t o  14 and 16 t o  20 ,  t h e  c o r r e c t e d  
p r e s s u r e  and  temperature p r o f i l e s  were p l o t t e d  w i t h  a symbol a t  each  d a t a  p o i n t .  
For  t h e  c e n t e r l i n e  su rveys ,  v a l u e s  of TT9 and PT9 c a l c u l a t e d  from t h e  IFT deck are 
shown by a bar on t h e  o r d i n a t e  scale; nozzle-edge p o s i t i o n s  w e r e  a l s o  c a l c u l a t e d  
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and are i n d i c a t e d  by a bar on t h e  abscissa scale. P r e s s u r e  and temperature pro- 
f i l e s  fo l lowed  by summaries are g i v e n  f o r  test c o n d i t i o n  1 a t  M = 0.30; t h e n  exam- 
p l e s  f o r  t e s t  c o n d i t i o n  2 a t  M = 0.87 are g iven .  
R e s u l t s  f o r  T e s t  C o n d i t i o n  1 
P r o f i l e s  of t o t a l  p r e s s u r e  and t o t a l  t e m p e r a t u r e  from r a k e  t r a v e r s a l s  are shown 
f o r  a l l  t e s t  PLAs i n  f i g u r e s  10 t o  16. The a l t i t u d e  t e s t  f a c i l i t y  c o n d i t i o n s  w e r e  
ma in ta ined  a t  M = 0.30 and a 30 ,000-f t  a l t i t u d e .  
Maximum a f t e r b u r n i n g  p o w e r  (PLA = 130O). - F i g u r e  1 0 ( a )  i l l u s t r a t e s  three t o t a l  
p r e s s u r e  p r o f i l e s  (PT9A, PT9C, and PT9E), c o r r e s p o n d i n g  t o  p robe  posit ions A, C, 
and E on the rake .  The sweep w a s  conducted from o u t s i d e  the n o z z l e  edge  (XSRL = 
1 4 . 2  i n )  t o  t h e  e n g i n e  center (XSFU = 0 i n )  a l o n g  the eng ine -nozz le  c e n t e r l i n e  a t  
maximum a f t e r b u r n i n g  power. D a t a  were c o l l e c t e d  more f r e q u e n t l y  i n  the r e g i o n  of 
XSRL = 10  t o  14  i n  t o  y i e l d  a better d e f i n i t i o n  of t h e  j e t  edge. 
The j e t  edge  w a s  f i r s t  d e t e c t e d  i n  t h e  p r e s s u r e  data a t  XSRL = 1 3  i n ,  which 
a g r e e d  w i t h  t h e  r a d i u s  c a l c u l a t e d  from the IFT deck. C o l l e c t i o n  of  t h e  d a t a  from 
t h e  probe  p o s i t i o n  C on t h e  r a k e  preceded  t h a t  from t h e  o t h e r  s e n s o r s  on t h e  t r a v -  
erse inward due t o  t h e  c u r v a t u r e  of t h e  eng ine  r a d i u s .  A t  XSRL = 11.8 i n ,  the 
maximum t o t a l  p r e s s u r e  w a s  no ted  1 i n .  i n s i d e  t h e  n o z z l e  edge. A s l i g h t  r e d u c t i o n  
i n  p r e s s u r e  w a s  no ted  a t  XSRL = 11 i n  as t h e  t r a v e r s e  proceeded  inward. T h i s  i s  
p robab ly  due  t o  t h e  o b l i q u e  shock waves i n  t h e  overexpanded f low,  as shown i n  
f i g u r e  7 ( a ) .  A s  the t r a v e r s a l  p r o g r e s s e d ,  a l a r g e r  p r e s s u r e  d r o p  w a s  measured a t  
t h e  e n g i n e  c e n t e r  (XSRL = 0 i n ) .  T h i s  pressure d r o p  i s  b e l i e v e d  t o  be t h e  r e s u l t  
of t h e  e n g i n e  c e n t e r b o d y  and a possible weak vortex caused  by r e s i d u a l  f l o w  s w i r l  
t h a t  r e d u c e s  mixing  of t h e  c e n t e r b o d y  f low d e f e c t .  
i n  good agreement  w i t h  t h e  c a l c u l a t e d  IFT deck v a l u e s .  
The peak p r e s s u r e  l e v e l s  are 
T o t a l  t e m p e r a t u r e  f o r  test  c o n d i t i o n  1 i s  shown i n  f i g u r e  1 0 ( b ) .  Temperature 
i n c r e a s e d  p r i o r  t o  e n t e r i n g  t h e  j e t  because  of r a d i a n t  h e a t i n g  and p o s s i b l y  because 
of c o o l i n g  a i r  l e a k i n g  th rough  t h e  nozz le  f l a p s .  A s t e e p  t e m p e r a t u r e  rise is  shown 
as  t h e  r a k e  e n t e r s  the j e t ,  w i t h  t h e  maximum temperature crest  of 375O0R l o c a t e d  
2 i n .  i n  from t h e  n o z z l e  edge. Although t o t a l  t e m p e r a t u r e  p r o b e s  a t  p o s i t i o n s  B 
and D are located h o r i z o n t a l l y  e q u i d i s t a n t  from the eng ine  c e n t e r l i n e  on this trav- 
ersal ,  t h e  t e m p e r a t u r e  d i f f e r e n c e  between t h e s e  measurements w a s  a b o u t  160OR. The 
peak t o t a l  t e m p e r a t u r e  i s  s l i g h t l y  h i g h e r  t h a n  t h e  IFT deck va lue .  
P r o f i l e s  f o r  the  45' s u r v e y  a t  XSRV = 9 i n  are i l l u s t r a t e d  i n  f i g u r e  1 1 .  T o t a l  
p r e s s u r e  p r o f i l e s  i n  f i g u r e  l l ( a )  are f a i r l y  s imi la r ,  i l l u s t r a t i n g  the c h a r a c t e r -  
i s t i c  p r e s s u r e  d r o p  from t h e  o b l i q u e  shock a few i n c h e s  i n  from t h e  n o z z l e  edge. 
The t o t a l  t e m p e r a t u r e  p r o f i l e s  w i t h i n  t h e  j e t ,  shown i n  f i g u r e  l l ( b ) ,  a g r e e  w e l l  
w i th  t h e  c e n t e r l i n e  s u r v e y  r e s u l t s  of f i g u r e  10. Ifowever, d a t a  t a k e n  o u t s i d e  t h e  
j e t  i n d i c a t e  an e l e v a t e d  t e m p e r a t u r e  r e g i o n  o u t s i d e  t h e  n o z z l e  edge a t  XSRL = 11.0 
and 1 1 . 8  i n  f o r  p robe  p o s i t i o n s  B and D,  r e s p e c t i v e l y .  The maximum tempera tu re  
r ise of t h i s  anomaly i s  450OR. The c a u s e  of t h i s  t e m p e r a t u r e  anomaly is unknown 
b u t  may be due t o  h o t  g a s  l e a k i n g  from the n o z z l e .  Another  t e m p e r a t u r e  i r r e g u -  
l a r i t y  d u r i n g  t h e  s u r v e y  is  shown inward a t  XSRL = 9.5 t o  11.0 i n .  
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P a r t i a l  a f t e r b u r n i n g  p o w e r  (PLA = 120O). - D a t a  o b t a i n e d  a t  a reduced af ter-  
bu rn ing  p o w e r  s e t t i n g  of PLA = 120' for XSRV = 0 i n  are i l l u s t r a t e d  i n  f i g u r e  12. 
The t o t a l  p r e s s u r e s  shown i n  f i g u r e  1 2 ( a )  are i n  c l o s e  agreement,  w i th  the p r e s s u r e  
a t  probe p o s i t i o n  C r i s i n g  f i r s t  and fo l lowed by an i n c r e a s i n g  p r e s s u r e  a t  probe 
p o s i t i o n s  A and E. The p r e s s u r e  peak occur s  1.25 i n .  i n  from t h e  nozz le  edge w i t h  
a maximum v a l u e  of 16.2 lb / in2 .  
Again, a p r e s s u r e  d r o p  occur red  a t  t h e  eng ine  c e n t e r l i n e .  
The peak f a l l s  t o  a median va lue  of 15 lb / in2 .  
The t o t a l  t empera ture  t r e n d s  f o r  PLA = 120' i n  f i g u r e  1 2 ( b )  are comparable t o  I t h o s e  f o r  PLA = 130' i n  f i g u r e  1 0 ( b ) .  The t empera tu re  crest, o c c u r r i n g  2 i n .  i n  
from t h e  nozz le  edge, h a s  a maximum v a l u e  of 3400OR compared wi th  t h e  h i g h e r  va lue  
of 3750OR f o r  t h e  maximum a f t e r b u r n i n g  c o n d i t i o n .  I n  a d d i t i o n ,  a t  t h e  p a r t i a l  
a f t e r b u r n i n g  power s e t t i n g ,  t h e - t e m p e r a t u r e  d e c r e a s e s  toward t h e  c e n t e r  of t h e  
I j e t  t o  a va lue  of 2745OR. A t empera tu re  anomaly occur red  o u t s i d e  t h e  je t .  
The c a l c u l a t e d  I F T  deck v a l u e s  of  p r e s s u r e  and t empera tu re  agreed  w e l l  w i t h  
t h e  measured d a t a ,  which l e n d s  conf idence  i n  t h e  ave rage  v a l u e  ob ta ined  from 
the  c a l c u l a t i o n .  
P a r t i a l  a f t e r b u r n i n g  p o w e r  (PLA = 110O). - Data f o r  PLA = l l O o  w e r e  g a t h e r e d  
f o r  on ly  M = 0.30 and a 30,000-ft  a l t i t u d e  ( f i g .  1 3 ) .  I n  t h e  total  p r e s s u r e  pro- 
f i l e  i n  f i g u r e  1 3 ( a ) ,  t h e  p r e s s u r e  a t  t h e  c e n t e r l i n e  (probe p o s i t i o n  C) r eaches  a 
peak w i t h i n  1.2 i n .  i n  f r o m  the nozz le  edge, and p r e s s u r e s  a t  probe p o s i t i o n s  A and 
E reach  a peak 1.75 i n .  i n  from t h e  edge. The c h a r a c t e r i s t i c  low-pressure r e g i o n  
occur red  i n  t h e  PT9 d a t a  a t  t h e  eng ine  c e n t e r l i n e .  The peak f o r  t h e  t o t a l  temper- 
a t u r e s ,  shown i n  f i g u r e  1 3 ( b ) ,  occu r red  2.4  i n .  i n  from t h e  nozz le  edge and had a 
maximum va lue  o f  2900OR. Th i s  w a s  fo l lowed by a s m a l l  r e d u c t i o n  t o  243O0R on t h e  
t r a v e r s e  inward t o  t h e  eng ine  c e n t e r l i n e .  Data were g a t h e r e d  i n  small increments  
nea r  the  nozz le  edge,  p a r t i c u l a r l y  on t h i s  t r a v e r s a l .  Again, the  measured and 
c a l c u l a t e d  PT9 and TT9 d a t a  were i n  good agreement. 
I n t e r m e d i a t e  p o w e r  (PLA = 87O). - T h e  i n t e r m e d i a t e  p o w e r  t r a v e r s e  is  shown i n  
f i g u r e  14. The PT9 crest occur red  1.5 i n .  i n  from t h e  nozz le  edge w i t h  a va lue  
o f  19.1 l b / i n 2  and t a p e r e d  o f f  t o  a median v a l u e  of 17.7 l b / i n 2 ,  as i n d i c a t e d  i n  
f i g u r e  6 ( b )  i n d i c a t e  p rope r  f low expansion. The l o w e r  p r e s s u r e  w a s  a g a i n  recorded  
a t  the  eng ine  c e n t e r l i n e .  I n  f i g u r e  1 4 ( b ) ,  t h e  t o t a l  t empera tu res  i n c r e a s e  more 
s l o w l y  due t o  t h e  upstream mixing of  t h e  f a n  and c o r e  streams and rise g r a d u a l l y  t o  
1780OR nea r  t he  eng ine  c e n t e r l i n e .  The c a l c u l a t e d  PT9 is  n e a r l y  e x a c t  i n  compari- 
, f i g u r e  1 4 ( a ) .  There is s t i l l  ev idence  of a f low d i s t u r b a n c e  a l though  t h e  d a t a  from 
I 
I son ,  and c a l c u l a t e d  TT9 is  w i t h i n  54OR of t h e  measured d a t a .  
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I Summary p r o f i l e s .  - Summaries for eng ine  c e n t e r l i n e  (XSRV = 0 i n )  t r a v e r s a l s  a t  
t es t  c o n d i t i o n  1 are shown i n  f i g u r e  15. A comparison of t o t a l  p r e s s u r e s  a t  r a k e  
probe p o s i t i o n  C, shown i n  f i g u r e  15(a) ,  i n d i c a t e s  v a r y i n g  pressure-peak  l o c a t i o n s  
due t o  changing nozz le  r a d i u s  l o c a t i o n s  and PLA. As PLA i s  i n c r e a s e d  f o r  t h e  v a r i -  
ous power r a n g e s ,  t h e  p r e s s u r e  d e c r e a s e s  n e a r  t h e  n o z z l e  edge. A l l  p r e s s u r e s  show 
r a p i d  r ise  t o  t h e i r  peak v a l u e s  j u s t  i n s i d e  t h e  nozz le  edge. A t  a l l  PLA tes t  va l -  
u e s ,  a low-pressure r e g i o n  w a s  l o c a t e d  a t  t h e  eng ine  c e n t e r l i n e .  The summary of 
t o t a l  t empera tu res  f o r  r a k e  p o s i t i o n  B i n  f i g u r e  1 5 ( b )  shows l a r g e  i n c r e a s e s  i n  t e m -  
p e r a t u r e  wi th  i n c r e a s i n g  PLA, r a n g i n g  from 1765 t o  3762OR. All t empera tu res  show 
r a p i d  i n c r e a s e s  n e a r  t h e  nozz le  edge and decreases toward the  eng ine  c e n t e r l i n e .  
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R e s u l t s  f o r  T e s t  Cond i t ion  2 
The t o t a l  p r e s s u r e  and tempera ture  prof i les  a t  M = 0.87 and a 24,000-f t  a l t i -  
tude  a r e  shown i n  f i g u r e s  16 t o  21 f o r  maximum a f t e r b u r n i n g  (PLA = 130° ) ,  pa r t i a l  
a f t e r b u r n i n g  (PLA = 1 2 0 ° ) ,  and i n t e r m e d i a t e  p o w e r  (PLA = 87O) s e t t i n g s .  The format  
of t h e  d a t a  p l o t s  is s imilar  t o  t h a t  f o r  t e s t  c o n d i t i o n  1 .  
Maximum a f t e r b u r n i n g  p o w e r  (PLA = 130'). - F i g u r e  16  p r e s e n t s  t h e  pressure 
and t empera tu re  p r o f i l e s  a l o n g  t h e  eng ine  nozz le  c e n t e r l i n e  a t  maximum af ter-  
bu rn ing  power. T o t a l  pressures increase r a p i d l y  a t  or s l i g h t l y  o u t s i d e  t h e  j e t  
edge d e f i n e d  by t h e  geomet r i c  nozz le  r a d i u s ,  as shown i n  f i g u r e  1 6 ( a ) .  This  i n d i -  
c a t e s  more j e t  expans ion  t h a n  a t  M = 0.30. The " shou lde r "  of  t h e  pressure p r o f i l e  
i s  a l s o  more rounded and does  n o t  i n d i c a t e  t h e  "hump" no ted  a t  M = 0.30, probably  
because t h e  nozz le  f low is  p r o p e r l y  expanded, as i n d i c a t e d  i n  f i g u r e  6 ( a ) .  me 
median pressure reached  w a s  31.5 lb / in2 .  A low-pressure region w a s  encountered  
a t  t h e  eng ine  c e n t e r l i n e  by r a k e  probe p o s i t i o n  C, and a h i g h e r  p r e s s u r e  r eg ion  
w a s  found j u s t  t o  t h e  l e f t  of t h e  c e n t e r l i n e .  
The t o t a l  t empera tu re  d a t a  shown i n  f i g u r e  1 6 ( b )  do  n o t  r e a c h  a s h a r p  peak b u t  
increase r a p i d l y  t o  a maximum v a l u e  where t h e  p r o f i l e  levels o f f  I 2 i n .  i n  from t h e  
nozz le  edge. A maximum va lue  of 3780OR w a s  reached ,  about t h e  same as t h a t  a t  M = 
0.30. S i m i l a r  t o  o t h e r  c e n t e r l i n e  p r o f i l e s ,  t h e  data f r o m  r a k e  probe p o s i t i o n  B 
a r e  somewhat h i g h e r  t han  t h a t  from probe posi t ion D near  t h e  j e t  edge. 
The c a l c u l a t e d  p r e s s u r e  and temperature from t h e  IFT deck a g r e e  w e l l  w i th  t h e  
measured d a t a .  
For maximum power, f i g u r e  17 i l l u s t r a t e s  t h e  p rof i le  of  d a t a  from t h e  4 5 O  s u r -  
vey wi th  t h e  r a k e  a t  XSRV = 9.0 i n .  F igu re  1 7 ( a )  shows comple t e ly  nominal t o t a l  
p r e s s u r e  p r o f i l e s  t h a t  g r a d u a l l y  a t t a i n  a maximum v a l u e  of 32.6 l b / i n 2 .  However, 
t h e  t o t a l  temperature p r o f i l e s  i n  f i g u r e  1 7 ( b )  e x h i b i t  i r regular i t ies  encountered  
o u t s i d e  t h e  j e t ,  which w a s  t h e  case a t  M = 0.30. A peak TT9 value of  3800OR w a s  
a t t a i n e d ?  which compares c l o s e l y  to  t h e  c a l c u l a t e d  IFT deck va lue .  
Part ia l  afterburning p o w e r  (PLA = 1 2 0 O ) .  -Pressure  p r o f i l e s  for  the survey 
a t  PLA = 120' w e r e  nominal,  as i n d i c a t e d  i n  f i g u r e  18(a) .  A median value of 
30.45 l h / i n 2  w a s  a t t a i n e d  2 i n .  i n  from t h e  nozz le  edge. The h i g h  and l o w  pres- 
s u r e s  occur red  i n  t h e  c e n t e r  of  t h e  je t .  Temperature  p r o f i l e s  w e r e  nominal and 
peaked a t  3366OR a t  2 i n .  i n  from t h e  nozz le  edge. From t h i s  p o i n t ,  t h e  t e m -  
p e r a t u r e s  dec reased  t o  2920OR a t  t h e  eng ine  c e n t e r l i n e .  
I n t e r m e d i a t e  power (PLA = 87O). - F i g u r e  19 shows t h e  p r o f i l e s  a l o n g  t h e  engine-  
nozz le  c e n t e r l i n e  f o r  t h e  i n t e r m e d i a t e  power s e t t i n g .  P r e s s u r e s  i n c r e a s e  q u i t e  rap- 
i d l y  t o  a v a l u e  of 34 1b / in2 ,  i n  agreement  w i t h  t h e  IFT deck p r e d i c t i o n .  
s u r e s  f u r t h e r  i n c r e a s e  to  39.1 l b / i n 2 ,  which is p robab ly  because  t h e  su rvey  w a s  
c r o s s i n g  t h e  expans ion  wave and a lso because  of t h e  underexpanded nozz le  f low,  as 
i n d i c a t e d  i n  f i g u r e s  6 ( a )  and 7 ( a ) .  The temperature p r o f i l e s  w e r e  c l e a n  and smooth, 
a s  i n d i c a t e d  i n  f i g u r e  1 9 ( b ) .  The maximum temperature w a s  1870OR. 
The pres- 
For t h e  45O su rvey  and XSRV = 5.6 i n  a t  i n t e r m e d i a t e  p o w e r ,  f i g u r e  2 0 ( a )  i l l u s -  
t r a t e s  t h a t  expans ion  waves i n  t h e  t o t a l  p r e s s u r e  p r o f i l e s  w e r e  a g a i n  p r e s e n t .  The 
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I t o t a l  t empera ture  p r o f i l e s  of f i g u r e  2 0 ( b )  show t h a t  a h igh- tempera ture  r e g i o n  i s  
l o c a t e d  o u t s i d e  t h e  j e t  wi th  a rise to  1026OR, p robab ly  due to  nozz le  leakage.  A 
maximum tempera ture  of 1 8 0 0 O R  was a t t a i n e d  a t  t h e  eng ine  c e n t e r l i n e ,  which i s  i n  
good agreement  wi th  t h e  IFT prediction. 
Summary p r o f i l e s .  - P r e s s u r e  and temperature prof i les  of  t h e  eng ine  c e n t e r l i n e  
t r a v e r s a l s  f o r  tes t  c o n d i t i o n  2 are summarized i n  f i g u r e  21. Decreas ing  e x i t  pres- 
s u r e  wi th  i n c r e a s i n g  PLA and a low-pressure r e g i o n  a t  t h e  eng ine  c e n t e r l i n e  are  
e v i d e n t  i n  f i g u r e  2 1 ( a ) .  The temperature summary i n  f i g u r e  2 1 ( b )  shows s h a r p e r  
t empera tu re  peaks t h a t  are i n d i c a t i v e  of a steeper temperature g r a d i e n t  f o r  
i n c r e a s i n g  PLA. Overal l ,  t h e  p r o f i l e  summaries are similar i n  c h a r a c t e r  t o  t h o s e  
f o r  t e s t  c o n d i t i o n  1 i n  f i g u r e  15. The d a t a  f o r  t h e  t w o  tes t  c o n d i t i o n s  d i f f e r  
p r i m a r i l y  i n  t h e  magnitude of t h e  p r e s s u r e s  and t h e  overexpanded and underexpanded 
I f l o w  e f f e c t s  near  t h e  j e t  edge. 
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CONCLUDING REMARKS 
An e x h a u s t  p r e s s u r e  and t empera tu re  su rvey  w a s  conducted wi th  a t r a v e r s i n g  r a k e  
on an F404-GE-400 t u rbo fan  engine  i n  t h e  NASA L e w i s  Research Center  P ropu l s ion  Sys- 
t e m  Labora tory .  Power s e t t i n g s  of i n t e r m e d i a t e ,  partial  a f t e r b u r n i n g ,  and maximum 
a f t e r b u r n i n g  w e r e  tested for  s imula t ed  f l i g h t  c o n d i t i o n s  of Mach 0.30 a t  30,000 f t  
and 0.87  Mach a t  24,000 f t .  The pressure data were corrected for  normal shock 
l o s s e s ,  and t h e  t empera tu re  data w e r e  corrected f o r  r a d i a t i o n  e f f e c t s .  The fol- 
lowing o b s e r v a t i o n s  w e r e  made: 
1 .  The p r e s s u r e  p r o f i l e s  showed rapid increases near t h e  j e t  edge and reached  
maximum va lues  approx ima te ly  1.2 t o  1.6 i n .  i n  from t h e  j e t  edge. Near t h e  j e t  
center ,  a low-pressure r e g i o n  w a s  caused by the wake and t h e  possible v o r t e x  from 
t h e  centerbody.  A t  c o n d i t i o n s  i n  which t h e  nozzle  f low w a s  overexpanded or under- 
expanded, shock and expans ion  waves w e r e  e v i d e n t  n e a r  t h e  j e t  edge. 
2. For a f t e r b u r n i n g  c o n d i t i o n s ,  t h e  t empera tu re  p r o f i l e s  showed r a p i d  i n c r e a s e s  
nea r  t h e  j e t  edge ,  w i th  peak temperatures reached  approx ima te ly  2 t o  2.5 i n .  from 
t h e  j e t  edge. A t  maximum a f t e r b u r n i n g  power, t h e  peak t empera tu res  were -3800OR. 
There w a s  ev idence  of a t empera tu re  i n c r e a s e  o u t s i d e  t h e  j e t ,  which w a s  b e l i e v e d  t o  
be  due t o  rad ian t  h e a t i n g  and possible hot-gas  leakage  through t h e  nozz le  f l a p s .  
3. The e x h a u s t  p r o f i l e s  f o r  t h e  t w o  s imula t ed  f l i g h t  c o n d i t i o n s  d i f f e r e d  l i t t l e .  
4 .  I n  g e n e r a l ,  t h e  p r e s s u r e  and tempera ture  levels c a l c u l a t e d  from t h e  manu- 
f a c t u r e r - s u p p l i e d  i n - f l i g h t  t h r u s t  program deck ag reed  w e l l  w i t h  t h e  measured d a t a .  
The conf idence  ga ined  from t h e  tempera ture  and p r e s s u r e  data i n  t h i s  program cou ld  
a l l o w  t h e  usage of t h e  i n - f l i g h t  t h r u s t  deck t o  estimate ave rage  e x h a u s t  f low param- 
e te rs  a t  n o n t e s t  c o n d i t i o n s .  
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Figure 1 .  General Electric F404-GE-400 af terburning turbofan engine.  
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Figure 2 .  Engine s t a t i o n  and sensor l o c a t i o n s .  
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Figure 3 .  
test cell 4 ,  a t  L e w i s  Research Center .  
Propulsion S y s t e m  Laboratory a l t i t u d e  test f a c i l i t y ,  
14 
. 
( a )  Cutaway v i e w  of rake. 
C-86-0561 
(b) S u r v e y  rake and F404-GE-400 
n o z z l e .  
C-86-1044 
(c) C l o s e u p  v i e w  of p r o b e s .  
F i g u r e  4 .  Exhaust  s u r v e y  rake. 











Figure 5 .  Survey conf igura t ions  of 
exhaust ex1 t p lane  
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F i g u r e  6 .  
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Profiles 
PI R M 
8 9 R  I 
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Figure 7 .  General ized f l o w  p r o f i l e s  a t  survey  rake s t a t i o n  R. 
16 
30 O o o o g  
0 
0 0 0 0 8 0  
OO 







-2 0 2 4 6 8 10 12 14 16 
XSRL, in 
Figure 8 .  
p res sure  a t  maximum af terburning power (PLA - 130') ,  
PI = 0.87 ,  and 24,000-f t  a l t i t u d e .  
Normal shock correction for  measured p f t o t  
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Figure 9 .  
a t  maximum af t e rburn ing  power (PLA - 130'), M = 0.87 ,  and 
24 ,000- f t  a l t i t u d e .  
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(b) Total  temperature.  
F i g u r e  1 0 .  
hor i zon ta l  centerline survey a t  maximum af t e rburn ing  
power  (PLA = 130.1, M = 0.30 ,  and 30 ,000-f t  a l t i t u d e .  
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(b) Total temperature. 
Figure 11 Exhaust-jet profiles for  45" survey at 
maximum afterburning power (PLA - 130° ) ,  M = 0.30, 
and 30,000-ft altitude. 
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(b) Total  temperature.  
Figure 1 2 .  
hor i  zon ta l  cent  e r l i n e  survey a t  p a r t i  a1 a f  terburning 
power  (PLA = 1 2 0 ° ) ,  M = 0.30,  and 30,000-f t  a l t i t u d e .  





r IFT calculation 
0 20 
PT9, 2 10 l5 f' 
lblin 




( a )  Total  p r e s s u r e .  
IFT calculation 
8 0 ,/ 0 
0 
0 TTSB Nozzle 8 
500 0 TTSD edge -\, 0 
0 
-2  0 2 4 6 8 10 12 14 16 
XSRL, in 
(b) Total  temperature.  
F i g u r e  1 3 .  
hor i zon ta l  c e n t e r l f n e  s u r v e y  a t  p a r t i a l  a f terburning 
power (PLA = 110.) ,  1y = 0 .30 ,  and 30 ,000-f t  a l t i t u d e .  
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(b) Total temperature.  
Figure 1 4 .  
hor i zon ta l  c e n t e r l i n e  survey a t  in termedia te  power 
(PLA = 87.), M = 0.30,  and 30,000-f t  a l t i t u d e .  
Exhaust-jet  p r o f i l e  for nozz l e -ex i t  
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Figure 1 5  
surveys at various power settings, N = 0.30, and 30,000-ft altitude. 
Exhaust-jet proflle summaries for nozzle-exi t horizontal centerline 
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Figure 1 6 .  
hor i zon ta l  c e n t e r l f n e  survey a t  maxfmum af t e rburnfng  
power  (PLA = 130 ' ) ,  W = 0.87, and 24 ,000-f t  a l t i t u d e .  
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( b )  Total temperature.  
Figure 1 7 .  Exhaust-jet  p r o f i l e s  for 45. survey  a t  
maximum af terburning power (PLA = 130° ) ,  M = 0.87,  
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Figure 1 8 .  
horizon t a l  cen t e r l i n e  survey a t  p a r t i a l  af terburning 
power (PLA - 120 ’ ) ,  M = 0.87, and 24,000-ft a l t i t u d e .  
Exhaust-jet  p r o f i l e s  for  n o z z l e - e x i t  
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Figure 19. 
horizon tal cen terline survey at intermediate power 
(PLA = 87.), M - 0.87, and 24,000-ft altitude. 
Exhaust-jet profiles for nozzle-exit 
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Figure 20. 
intermediate power (PLA = 87'1, N = 0.87, and 
24,000-f t a1 ti t ude 
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Figure 21. 
surveys  a t  var ious  power s e t t i n g s ,  M = 0.87, and 24,000-f t  a l t i t u d e .  
Exhaust-jet  p r o f i l e  sunnnaries for nozz l e -ex i t  hor i zon ta l  c e n t e r l i n e  
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